Characterization of nano-size particles and structures are crucial for successful application of selfassembly processes that lead to bottom-up machining and manufacturing concepts. Conventional lightbased approaches cannot be used for these purposes, mainly because the particle and structure sizes are much smaller than the wavelength of visible light. To overcome this problem, we are in the process of developing a diagnostic tool based on surface-wave scattering. In this paper, we outline the governing equations required to describe the scattering of the electromagnetic field by a particle located near a film. The formulation given here is for a general case; a special application of this work to surface waves can be obtained by considering the fields propagating at near grazing angles. This work constitutes the theoretical frame work needed for the characterization of nano-particles on or above a thin metallic film via scattered surface waves, which is outlined in Part B (JQSRT (2004)). Published by Elsevier Ltd.
Introduction
Effective use of the self-assembly of nano-size particles (particles as small as 1-10 nm in size) is likely to have a significant impact on the bottom-up nano-scale machining and manufacturing processes. For the success of this concept, it is important to have strict control of the process itself. Conventional light-based approaches cannot be used for diagnosis of self-assembly, mainly because the particle and structure sizes involved are much smaller than the wavelength of typical laser lights. Even though electron-microscopy (SEM, TEM) or atomic-force microscopy (AFM) are used widely to observe the nano-scale structures, they are intrusive and do not lend themselves for real-time, on-line monitoring approaches.
Recently, we have proposed a novel method that can be used for characterization of nano-size particles and structures on or near metallic surfaces [1] . This approach, called the elliptically polarized surface-wave scattering (EPSWS) method, is based on the detection of metallic particles on or near a metallic surface that tunnel the evanescent waves and then scatter their energy and eventually can be combined with real-time visualization approaches. The possibility of detecting
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Nomenclature a diameter of the spherical metallic particle A ðn 0 ;mÞ n ; B ðn 0 ;mÞ n vector translation coefficients B scattering response matrix d distance between the film surface and center of the particle E inc incident electromagnetic radiation vector E sca scattered electromagnetic radiation vector h thickness of metallic film h ð1Þ n ðk 2 r 2 Þ spherical Hankel functions of the second kind J n ðk 2 r 2 ) spherical Bessel functions of the first kind k wave number m complex refractive index n real part of refractive index (m) M; N vector spherical harmonics P m n ðcos y j Þ associated Legendre polynomials r distance between sensor and particle R ij Fresnel reflection coefficient from medium i to medium j S scattering matrix S ij scattering matrix elements of the metallic particle S l scattering amplitudes (l ¼ 1; 2; 3 and 4) T ij Fresnel transmission coefficient from medium i to medium j a incident angle from medium i to medium j y s scattering angle m permeability l wavelength of incident radiation the scattered evanescent waves was observed by Sterligov et al. in a series of experiments [2] . However, characterization of such particles and structures via evanescent waves was not considered before [1] . Such a characterization requires the solution of the inverse problem, as the relationship between the detected scattered light patterns and particle shape and structures needs to be correlated. In this paper, we outline the general governing equations needed to solve the electromagnetic-wave (EM-wave) particle interaction near a surface, which yields the desired correlation between the scatterers and the detected intensity patterns. The application of this concept to nano-size metallic particles on a metallic surface is discussed in Part B [1] . Below, we outline the fundamentals of the theoretical frame work behind this EPSWS concept. The formulation presented is more general than what we require in Ref. [1] , where the focus is on metallic thin films and the surface waves. Problems similar to what we present here have been considered in the literature; for example, the scattering of electromagnetic radiation from symmetric objects placed in front of [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] or in back of [16] [17] [18] [19] [20] [21] a plane interface were investigated by a number of researchers. Recently, irregularities in particle geometry [22, 23] or in the surface geometry [24] have been introduced to make the solution more applicable to different physical systems.
The theory we present here is different from those appeared in the literature in a sense that it is sufficiently general and allows the particle to be composed of inhomogeneous material or multiple sub-particles. All that is required is that the particle's scattering response matrix, or T-matrix, be known. In treating the boundary conditions on the plane interface, the Fresnel approximation developed in previous works is used [4, 16, 17, 23, 25] . The current approach can easily be expanded to analyze surface wave scattering by nano-size particles on or near a metallic surface; the details of such an approach are outlined in Ref. [1] . Note that although we present the results for a single ARTICLE IN PRESS Fig. 1 . Schematic of the physical system considered.
particle, an agglomerate comprised of many particles can also be considered, if the corresponding scattering response matrix is available. On the other hand, multiple scattering effects, including the interference effects, can be accounted for using a similar, albeit complicated response matrix.
The geometry of the scattering system is shown in Fig. 1 . The incident radiation is a plane wave whose wave vector is in the x-z plane, oriented at angle a 0 with respect to the z-axis, traveling from medium 0 (M-0; bottom) to medium 1 (M-1; middle). Medium 1 is a thin film with thickness of h and sandwiched between M-0 and medium 2 (M-2; top). A particle (spherical or otherwise) is assumed to rest within M-2 a distance d above the interface separating M-1 from M-2; its location is defined using the ðx 1 ; y 1 ; z 1 ) coordinate system. The wavelength of the incident light, refractive index, permeability, and the wave number are l M ; n M ; m M ; and k M ; where the subscript M designates the layer index. A mirror image of the particle is shown with respect to the ðx 2 ; y 2 ; z 2 ) coordinate system a distance d below the interface separating M-1 and M-2. This mirror image is used to help form the scattering response of the particle near the surface.
Theoretical framework
The scattering problem is based on the solution of Maxwell's equations, which are well documented in the literature. The solution of Maxwell's equations in the case of a planar wave incident on a homogeneous spherical particle can be achieved using the Lorenz-Mie theory. The solution presented here is, indeed, an extension of the Lorenz-Mie theory. The general solution is reached by satisfying the boundary conditions at the particle and planar surfaces simultaneously. We use the vector spherical harmonics that have the following form in the derivation [4, 16, 17] . 
where the index j corresponds to the coordinate system used ðj ¼ 1; 2Þ and z ðrÞ n ðcos y j Þ are the spherical Bessel functions of the first, second, third, or the fourth kind (r ¼ 1; 2; 3; 4), and
where P m n ðcos y j Þ are the associated Legendre polynomials. We assume a time dependence of harmonic waves and use expðÀiotÞ:
The only information about the particle needed for the derivation is its scattering response. If the particle is illuminated by an incident field given by 
The scattered field can be expanded in terms of vector spherical harmonics where the matrix [B] is the so-called scattering response matrix. This matrix is the T-matrix and the coefficients of this matrix can be determined using any number of boundary-matching techniques [26, 27] . Now we consider the EM-fields in each layer shown in Fig. 1 . We begin with a plane wave in M-0, incident on the 0-1 interface at angle a 1 in the x-z plane. Standing waves are set up within the film of M-1, and some of the field leaks out into M-2. The remnant of this incident field in M-2 is a plane wave with refraction angle a 2 given by Snell's law: n 0 sin a 0 ¼ n 1 sin a 1 ¼ n 2 sin a 2 ; where a 1 and a 2 ; may be complex. The incident electric field in M-2 is expanded using the spherical Bessel functions of the first kind, J n ðk 2 r 2 Þ as 
Two plane waves must be considered in order to account for each polarization state. When a unit-normalized plane wave is polarized perpendicular to the x-z plane (TE), the coefficients are found to be 
The last two terms in these equations are the phase difference of the plane wave traveling in M-2 and the Fresnel transmission coefficient of the plane wave traveling from M-1 to M-2. In this paper, the Fresnel transmission and reflection coefficients are defined for light incident at angle a from medium i to medium j as
where,
If the plane wave is polarized in the x-z plane (TM), the coefficients are found as 
The scattered field in M-2 can be expanded using the spherical Hankel functions of the second kind, h 
In addition to the incident field (see Eq. (6)), the scattered electric field, which accounts for the interface-particle interaction, must be considered in calculating the scattering response. Because the source of these interaction fields is not located on the particle coordinate system ðx 1 ; y 1 ; z 1 Þ; we expand this interaction field in terms of the spherical Bessel functions of the first kind, j n ðk 2 r 2 Þ: 
The primary difficulty of the present derivation is the accurate determination of the interaction coefficients (Eq. (17)). Because there are two planar surfaces to consider, an exact analytical expression is not likely to have a trivial solution. We proceed by making some approximations. First, we consider particles that are relatively small and close to the interface such that ½d=ðt þ dÞ 2 ! 0: In this case the fields reflecting off interface 0-1 have a relatively small contribution compared to the other fields. We focus on the interaction fields that reflect off interface 1-2. We can find the interaction coefficients c ðjÞ nm by using the approximation that the interaction field is approximately equal to the mirror image of the scattered field multiplied by the Fresnel reflection coefficient at normal incidence [4, 16, 17, 23, 25] . This results in the following relationships: 
where A ðn 0 ;mÞ n and B ðn 0 ;mÞ n are vector translation coefficients whose recurrence relations are given in the Appendix. It should be noted that for particles much smaller than the wavelength, the inclusion of the interaction field has a small effect on the far-field scattering [6, 28] . The scattering coefficients b ðpÞ nm can be found from the scattering response (Eqs. (4) and (5)) where the field incident on the system is the sum of the incident plane wave Eq. (6) 
Eq. (20) provides the solution to the scattered fields. From this equation, the total fields may be found. For many applications, we are interested in the far-field scattering from the system. For this case, simplifications in the scattered field can be made.
We consider the scattering amplitudes in the far field, where kr 2 b1: The scattered fields in this case are in theŷ andĵ directions. In this limit, the spherical Hankel function reduces to spherical waves. 
The scattering amplitude matrix elements are solved by expanding the scattered electric fields in terms of the vector wave functions and then expanding the vector wave functions in terms of the polarization directions. In the far-field region, ther component is negligible in comparison with theŷ andĵ components, and the far-field scattering amplitudes can be expressed in the form of the matrix
where in medium 0 
and n 0 sin y ¼ n 1 sin y 1 ¼ n 2 sin y 2 : The scattering amplitudes in M-2 are composed of the scattered fields plus the interaction fields multiplied by the appropriate Fresnel reflection coefficient. These may be expressed in M-2 as 
Eqs. (22)-(32) provide a method to calculate the scattered far fields from a particle placed behind a film. Using the relationship for normalized associated Legendre polynomials, 
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the following relationships between the scattering coefficients may be derived:
wherem ¼ Àm: Similar relationships apply to all coefficients. Using Eq. (20), the scattering coefficients can be determined directly from the scattering response matrix. For certain types of particles, this matrix has symmetries that greatly reduce the number of calculations needed for a solution. For instance, if the particle is symmetric about the z-axis, there is no mixing between m and m 0 ; and the scattering response matrix reduces to 
If the particle only varies radially along the x 2 y 2 z 2 coordinate system, the matrix reduces to
and if the particle is a homogeneous Mie sphere, the elements of the response matrix reduce to the Mie coefficients:
where a and k p are the radius and wave vector of the sphere and c n x ð Þ and x n x ð Þ are the Riccati-Bessel functions of the first and third kind, and the primes denote derivatives with respect to the argument.
Further simplifications can be achieved if the sphere is considered to be small. In this case, the scattering response matrix can be written:
and all other elements can be neglected. For such a system, the interaction term usually can be neglected [6, 28] .
Discussions
A theoretical framework is given to determine the scattering by particles near a film. The firstorder interaction of particles with the film is accounted for by including the particle interaction with the nearest surface and by considering the image-fields radiating from the image particle from the surface. All the necessary expressions are derived and listed. This formulation is used for characterization of nano-particles on or above a film surface. The corresponding physical system and the results from the numerical experiments are outlined in the accompanying paper by Aslan et al. [1] . The theoretical analysis presented here is quite encouraging, as it is heartening to see that the extension of classical light scattering techniques finds its way into the diagnostics in emerging field of nanotechnology. (A.7)
